Abstract. 2014 The magnetic field dependence of singlet exciton fission and fluorescence was studied at 300 K in tetracene crystals in several crystal planes for different field intensities and orientations. The positions of the resonances at high field correspond to those predicted by the zero-field splitting tensor as obtained by EPR, indicating that the outcome of the singlet fission is a pair of free migrating triplet excitons. It is shown that the field dependence and the resonance lineshapes can only be fitted, to within the experimental error, with the kinematic theory of Suna assuming a nearly twodimensional motion of triplet excitons, restricted to the (a'b) plane. With the assumption of an isotropic triplet exciton diffusion in the (a'b) plane reasonable sets of values can be deduced from the fit for the in-plane hopping rate, for the anisotropy of the diffusion, and for the nearest neighbour triplet-triplet annihilation rate. In many respects, triplet exciton dynamics in tetracene appears to be similar to that in anthracene, as expected from the calculation of the transfer matrix elements and the similarity of the crystal structures. The dependence of the effects on the exciting light intensity are also well accounted for using the usual kinetic equations for the different processes involved during the lifetime of the triplet excitons. 1. Introduction. - The magnetic field (MF) modulation of bimolecular annihilation of triplet excitons and hence of the delayed fluorescence, discovered in anthracene [1] , has now been found and studied in a number of pure [2] and doped [3] crystals, as well as in solution [4] . The expérimental results and their theoretical interpretation are discussed in several review papers [5] [6] [7] .
(*) Professeur visiteur, Université Paris VII. (**) Laboratoire associé au C.N.R.S. no 17. The explanation of these effects is based on the proposal by Merrifield [8] , that the probability of fusion of two triplets into one singlet (which may eventually decay radiatively, emitting the so-called delayed fluorescence [9] ), is proportional to the square of the singlet amplitude of the spin state of the triplet pair. This idea has been theoretically elaborated in two différent ways, by Johnson and Merrifield [10] , and by Suna [11] , hereafter referred to as theories 1 and II respectively.
Except possibly at low temperatures (say 10 K) where almost no experimental information on triplet fusion is available, excitons are localized and move by hopping in the crystal lattice [12] . Triplet fusion then involves two physically different processes : exciton difi'usive motion, and interaction of two triplet excitons centered at a distance R from each other.
In theory 1 [10] 10] , much longer than the triplet hopping times deduced from the known triplet diffusivities [12J. This is apparently a paradox, if no binding energy of the triplet pair is postulated. In theory II [11] , no explicit scheme like { 1 } is introduced, but the triplet interaction process is described in terms of parameters corresponding respectively to the exciton motion and the probability of fusion of two triplets. The magnetic field intensities and directions for which the simpler theory 1 yields results exactly equal to those of theory II have been found [11, 2c] . The large values of k -1 can be related to the quasi-two dimensional character of triplet motion in anthracene, and presumably also in naphthalene [12] . In The above discussion has been concerned only with triplet fusion. The reverse process of triplet pair generation by singlet exciton fission is also well known [13, 14] and has been studied in some detail in crystalline tetracene near room temperature, where the similarity of triplet fusion and singlet fission has been experimentally established [15] . Singlet fission has been described using a kinetic scheme similar to { 1 } : -but there is no detailed study, neither experimental nor theoretical, of magnetic field effects on fission, comparable to those performed on fusion [2, 10] .
Both schemes { 1 } and { 2} are parts of a more general chemical kinetic scheme which can be written as where S * stands for the excited singlet with an energy equal to that of (TT), Si for the lowest excited singlet and So for the ground state. In triplet fusion experiments on anthracene [1, 10] , triplet excitons are generated by the exciting light and the S * states formed quickly decay into S1; the large energy gap, 0.5 eV, between S* and Si, makes the equilibrium density n(S*) negligible, hence also the source term k_2 n(S*) for (TT). Energy flows in scheme { 3 } from left to right, and { 3 } is then equivalent to scheme { 1 }. Conversely, for fission in tetracene, the exciting light generates singlets and the thermal equilibrium between S* and S1, with a small energy difference (0.2 eV) makes n(S *) large. Also [15] The factor 9 comes from the existence of 9 spin states for (TT), whereas S* has only one. Hence, the same theoretical approach and fitting procedure may be used for the MF effect on anthracene delayed fluorescence, due to fusion, or on tetracene prompt fluorescence, due to fission. We retum to this problem in § 5.
In this paper, the effect of magnetic fields on the singlet exciton fission in crystalline tetracene at room temperature is studied through the magnetic field modulation of prompt fluorescence. After a description of the experiment ( § 2), the positions of the highfield resonances [10, 11] [8, 10] . Broad maxima can be observed when the energy difference between such pair states varies with the magnetic field orientation but no actual crossing occurs, as in the (bc') plane. Resonance positions were found to be independent of the exciting intensity (see § 4).
Resonance directions can be calculated from the exciton ZFS parameters. Conversely, the determination of these resonance directions yields information of the ZFS parameters of the triplet state involved.
In previous work on tetracene [13, 15] , the magnetic field was only rotated in the (001) or (a'b) crystal plane (a' is defined as the direction in (001) perpendicular to the b axis), and only two resonance directions were found, from which an estimation of the ratio D*/E* of the exciton ZFS was made. In the present work, the magnetic field was rotated in a number of planes, so that a set of resonances could be compared to theoretical predictions.
The magnetic field (5 kG) was first rotated in the (a'b) plane (Fig. 2) . The angle between the two resonance directions is 52 ± 1 degrees. The uncertainty is mainly due to the difficulty in accurately setting the (a'b) plane horizontal. The directions marked a, and b1 on figure 2 are those of minimum enhancement of the fluorescence in the (a'b) plane. The al direction is near, but not coincident with, the a and a' axes.
Similarly, bl is 4 ± 10 from the b axis. To study other planes it was decided to rotate the crystals around these directions as well as the c' (perpendicular to the (a'b) plane) direction as they are easily determinable, so as to facilitate the reproducibility of the experiments. Figure 3A shows the anisotropy of the high magnetic field effect on prompt fluorescence with the magnetic field rotated in planes obtained by rotating the (a'b) plane in 100 steps around the c' axis. Similar series of curves were obtained when the crystal was rotated around al (Fig. 3B) [18] and recently measured at 2 K by Clarke et al. [19] . The two set of data are in good agreement. From them and the known crystal structure [17] , the triplet exciton parameters D * and E* and orien- [15] .
More precisely,, in the low intensity limit, neglecting singlet diffusion, the singlet density at depth x below the illuminated surface is given by and the total number of singlets present in the sample is for an incident beam cross-section S. The total emission rate is then where kr, « ks is the singlet radiative rate constant. The absorption coefficient here is a = 2 x 104 cm-1, that is a penetration depth of 5 000 A, compared to which the singlet diffusion length As -100 A is indeed negligible [25] . In where the I2 term is independent of H.
This relation may also be expressed as a fluorescence quantum yield
The effect of a magnetic field H is now and is therefore changed, from the low field limit, by the factor 1 + mys(O) I The experimental results of figure 5 are not very accurate. With T = 1 to 2 x 10 -' s as experimentally measured on these crystals, and a = 2 x 104 cm-1, they are compatible with eq. (19) if Dout = 1 to 2 x 10-6 cm2 s-1 and ys = 2 to 20 X 10-11 cm3 s-1, that is with sets of parameters (A ) and (B) obtained below (see Table III ). Set (C) is more difficult to reconcile with the results displayed on figure 5 .
The analysis offered here is therefore internally consistent. In the discussion of the results of figure 5, [7, 15, 27, 28] implies that eqs. (23) and (24) (20) , (22) and (24) We turn now to theory II. In Suna's treatment of exciton interactions, triplet transport properties appear explicitly, so that, when the diffusivity tensor is known, there is only one adjustable parameter, namely the strength Âs of triplet-triplet annihilation into a singlet. Suna [11J considered the case of triplet fusion in anthracene, where triplet motion was known to be nearly two-dimensional, and the diffusivity in the (a'b) plane is réasonably isotropic [12] , so that an average in-plane diffusion constant Din and an average in-plane hopping rate Y' could be used, and a good fit with experimental results was obtained with two adjustable parameters, and the out-of-plane hopping rate fl, since only an upper limit of fi had been experimentally obtained [30] . In naphthalene [2b], it was assumed that because of the similarity between the crystal structures of naphthalene and anthracene, triplet motion is nearly two-dimensional. Din is known [12] and again is almost isotropic, and Suna's approach was used again with the same two adjustable parameters Âs and fl. In this case, however, some experimental observations, namely the resonances in the (a'b) plane, could not be fitted.
In tetracene, the triplet diffusivity tensor is not known. One value only is quoted in a récent paper [31] : Dbb = 4 x 10-3 cm2 s-1, about 20 times larger than in anthracene or any other known organic crystal [12] . The anisotropy has not been studied. It was felt useful to investigate the influence of the magnitude of the diffusion coefficients on the magnetic field effects, so no numerical value of D was a priori introduced.
The calculation cannot however be performed without some assumptions. A preliminary one is that the gross features of triplet motion in tetracene are, as in anthracene, a quasi two-dimensional motion in the (a'b) plane, and isotropic diffusion in this plane. Such assumptions are supported by the similarity of crystal structures, the triclinic structure of tetracene [17] being only a slight deformation of the monoclinic structure of anthracene [32] , the relative positions of the molecules in the unit cell being very similar. The assumption is also supported by the calculation of transfer integrals [33] .
The parameters used are then : a total in-plane hopping rate '1', or equivalently an average in-plane diffusivity Din (3), a triplet-triplet annihilation rate Âs, and a triplet decay rate fi. This decay rate fl should not be confused with the monomolecular decay rate of an isolated triplet fiT (essentially by intersystem crossing to the ground state). fi in theory II is the sum of the rates of all processes by which the conditions of interaction of a given triplet with the others are changed. First, it may be due to simple deactivation (rate PT). Secondly, if triplet motion is very anisotropic, for instance quasi two dimensional, and if (as assumed by Suna for anthracene [11] and in the present work for tetracene) it is assumed that two triplets can annihilate only if they are in the same plane, then hopping of a triplet from one plane to a neighbouring one changes the conditions of interaction, since the triplet has left the population of a given (a'b) plane ; this out-of-plane motion is characterized by a hopping rate 4f.u,, or equivalently a diffusion coefficient 1).ut, defining an anisotropy of triplet motion Dout/Din. A third process changing the conditions of interaction may be spin relaxation of an isolated triplet, which changes the spin of any pair this triplets might form (cross relaxation within a triplet pair has no such consequence and should not be considered for the calculation of fl). Spin relaxation is believed to be due to exciton hopping between inequivalent sites [34, 35, 11] , so that its rate is known once '1' is given, and is characterized in [11] by an average rate , = A '1' -1. The factor A was calculated by the method first used in [11] [11] (he used the notation k) K = 1.0 whereas from theory 1 [10] k = 0.4 [10] ; this point is further discussed below.
Eq. (29) is obtained from eq. (37) (29) See the original work [11] for further details.
From the density matrix p, the rate constant can be obtained as and its variation with magnetic field can be compared to experiment.
For numerical calculation, a value of IF is chosen, corresponding to a value of 3);n which sets a lower limit for P &#x3E; A 'JI -1 = 9 X 1018 IF -' (which would correspond to t/J out = 0) if the method used by Suna to take into account the effect of spin relaxation is followed. A value of Âs is then chosen, and P is varied from its lower limit up to about 10-2 !F, which is taken to be the upper limit compatible with our assumption of quasi-two dimensional triplet motion. (Fig. 2), and b) [11] . The order of magnitude of O.ut found here is not in contradiction with the value which can be inferred from indirect evidence gained from the study of surface generated photocurrents, which would lead to Dout somewhere in the range 2 x 10-6 to 2 x 10-5 cm2/s [36] . G(p) remaining almost constant, K = -1/2 Às G(fl), which is a kind of branching ratio between reaction or scattering of the two triplets, is proportional to Âs and becomes very large for set (A ) : K &#x3E; 102, whereas k = 0.68 was found above with theory I.
The last line of table III shows a value for k -1. This is not a parameter of theory II, but it can be estimated using the relation [11] which yields in anthracene a value [11] about three 'times larger than the best-fit value in theory 1 [10] . The best-fit value of k -1 in tetracene deduced from eq. (33) [37] and found tobeemax = 2.7 x 103 cm-1 and Em;n 1.3 x 103 cm-1.
Ytot was therefore overestimated by a factor 2 to 4 in [24b] , and the corrected value should rather be 5 x 10-10 to 10-9 cm3 s -1 as given on On the other hand, the ratio of rate of singlet formation by fusion to total annihilation rate is confirmed to be -0.6. Here, tetracene behaves differently from anthracene [27] and pyrene [2c] where this ratio was 0.4, which is the expected value if only the spin degrees of freedom are important.
More generally, the present study experimentally shows that the theoretical approach as proposed for triplet fusion can be used to fit the properties of singlet exciton fission, further supporting the idea that both are basically the same microscopic process. It offers the first detailed comparison of the two theoretical approaches [10, 11] and shows that the influence of triplet diffusion on annihilation must be explicitly taken into account, as in [11] : : only theory II (provided D is known or some of its general properties are assumed) yields a good general fit, and particularly of the high field resonance lineshape (Fig. 8) . With [3] and are as yet unexplained. Since this occurs in pure naphthalene where in-plane triplet motion is known to be isotropic [12] , the assumption of isotropic in-plane motion in tetracene made above is not likely to be the origin of the disagreement. This problem deserves further consideration. One can think of two possible reasons : the very much averaged way in which spin relaxation is taken into account, although it is known to be anisotropic [34] , and the neglect of triplet-triplet interaction potential in the hamiltonian [10, 11] . In 
